We study the effect of salt content on the rheological properties of wormlike micelles formed from hexadecyltrimethylammonium bromide (CTAB) in presence of potassium bromide (KBr) and of cetylpyridinium chlorate (CPC10,) in presence of sodium chlorate (C10,Na). Upon increasing the salt concentration, at fixed surfactant concentration, we observe for both systems a maximum of the zero-shear viscosity %. For salt concentrations less than that corresponding to the maximum of qO, the variation of qo with the surfactant concentration C can be described by a reptation model. Beyond the maximum, the scaling laws obtained for qo(C) are characterized by values of the exponent much smaller than those predicted by the existing theoretical models. The results are qualitatively interpreted by a description based on a structural evolution upon increasing salt content from a system of entangled linear micelles to a multiconnected network. Measurements of the plateau modulus of CTAB solutions, as a function of KBr, give results supporting the above hypothesis.
Introduction
Under appropriate conditions of concentration, salinity, temperature, presence of counterions, etc., the amphiphiles are found to assemble reversibly into long, flexible wormlike micelles that can form a viscoelastic fluid reminiscent of an entangled polymer solution (1) . Strong evidence of such an analogy for several aqueous cationic surfactants in the presence of salt has been reported in the last years (1) (2) (3) (4) (5) .
The viscoelastic properties of solutions of flexible and entangled micelles have been extensively studied both theoretically (1, 6, 7, 8) and experimentally (9) (10) (11) (12) (13) (14) (15) (16) (17) . It is now recognized that the reversible breaking down of elongated micelles can have an important influence on the viscoelastic properties of these systems. A simple theoretical model, based on the reptation theory which describes the rheological properties of entangled polymeric chains, has been derived by Cates (6) . This model predicts several rheological regimes depending on the relative rates of diffusive polymer motion and reversible breakdown processes. In particular, a nearly single exponential stress decay function is predicted in the linear viscoelastic response, in the limit where the micelle breaking time is short compared to the reptation time of a micelle of length equal to the average micellar length.
Such a behavior was observed for several systems (9) (10) (11) (12) (13) (14) (15) (16) (17) . Furthermore, the Cates model used in conjunction with the theoretical predictions for the micellar growth based on mean-field models (1, 7, 18, 19) leads to scaling laws for the zero shear viscosity, the terminal time of the stress relaxation and the self-diffusion coefficient as a function of the surfactant concentration. Experimental results obtained for hexadecyltrimethylammonium bromide (CTAB) solutions in aqueous KBr solutions are satisfactorily accounted for by the model (9, 20) . However the observed behaviour is not universal. It was found that, if the amount of added salt is insufficient to screen out the electrostatic interactions, the variations of the rheological parameters with surfactant concentration were larger than expected theoretically (2, 20) . This was interpreted as the result of abrupt increase of micellar size resulting from electrostatic interactions (21) . At the opposite, it was shown recently that solutions of cetylpyridinium chlorate (CPC10,) in sodium chlorate (C103Na) brine, even though they form extremely long wormlike micelles, exhibit an amazingly high fluidity that cannot be accounted for by the reptation model (22) .
It was suggested that this behaviour could be due to the formation of crosslinks between micelles leading to a solution of entangled branched micelles or even to a multiconnected network (23) (cf. Fig. 1) . Such A statistical description of the occurrence of crosslinks versus entanglements in semi-dilute solutions of wormlike micelles has recently been proposed (24) .
In this paper we report on a systematic study of the effect of salt content on the zero shear viscosity behaviour for two systems : CTABIKBr and CPC103/C103Na. The results suggest a structural variation of the system upon increasing the salt content from an entangled solution to a multiconnected network. 
Theorv
The main features of the theoretical models describing both equilibrium and dynamic properties of wormlike micelles can be found in ref. 1 . Here we simply recall the theoretical results that are needed to discuss our experiments, more specifically regarding the effect of surfactant concentration on the zero-shear viscosity.
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Mean-field models (17) (18) (19) predict that the number density of elongated micelles is exponential with some mean length given by : (Z being expressed in monomer units) with L -C'" exp(Es,,RkBT) (2) where C is the surfactant concentration and E,,,, is the scission energy of the micelle that represents the excess free energy for a pair of hemispherical endcaps relative to a rodlike region containing an equal number of surfactants (19) . The above relationships have been derived for nonionic micelles or ionic micelles at large ionic strength. A model calculation for semidilute elongated micellar solutions with no added salt was recently proposed (21) . This model suggests that Coulomb interactions results in an additional contribution to the free energy of an endcap that depends logarithmically on C. This modifies the growth law for L which now varies approximately, if we consider a relatively narrow range of C (about 1 decade), as d1'2)(1+A) where A > 0 depends on the renormalized Coulomb charge of an endcap. The physical origin of the increased growth exponent is that the electrostatic free energy contributions favor hemispherical endcaps over the cylindrical regions. The same effect leads to smaller micelles for a fixed C (25, 26) .
It is generally assumed that the chemical relaxation proceeds through reversible unimolecular scission, characterized by a breaking time T~,~, ,~ :
where k is a rate constant. The modified reptation model developed by Cates predicts that in the limit T~~~~~/ T~ 4 1 the stress relaxation is described by a single exponential decay with the relaxation time TR given by :
rrep is the reptation time of a micelle of the mean length given by:
The zero-shear viscosity qo is related to the terminal time and the plateau modulus G, through
For semi-dilute solutions it has been shown that (27)
Combining eqs. 2 to 7 leads to the following behaviour of the zero-shear viscosity :
Some experimental results were found to be in good agreement with the above predictions (9, 16, 17) .
However, for some systems the exponent of the scaling law v0 versus C is found significantly larger than the above predicted value. This occurs in the two following cases :
i) rbreaR/rrep 4 1. In that case, the rheological behaviour is described by the classical reptation model of ordinary polymers.
As the distribution of micellar lengths is quite broad (cf. Eq.l), the stress relaxation u(t) is characterized by an extremely non exponential decay :
The zero-shear viscosity is found to scale with C according to :
ii) The screening of the electrostatic interactions is insufficient, which, as said above, produces an enhancement of the micellar growth.
It must be noted that both effects can occur simultaneously as a lower salt content generally leads to smaller micelles and therefore to a shorter T,,, and, according to eq.3 to a longer breaking time.
The exponent of the scaling law of 7, versus C can also be lower than 3.5 if the breaking time is short enough that the dominant chain motion on that time scale is not reptation but local chain motion ("breathing" or Rouse modes) (6) , but in any case, it cannot be lower than 2.
Materials and Methods
The CTAB and CPC10, samples were the same as in our previous investigations (9, 16, 17, 22) . The rheological experiments were performed on a Carrimed CSL 100 apparatus (controlled stress) using stainless steel Couette, cone-plane, plane-plane geometries. For the Couette cell, the inner radius was of the rate constant k upon increasing the salt concentration. However, as explained further, this is not consistent with the C dependence of r],. Another mechanism can be proposed, based on the formation of equilibrium crosslinks arising through local fusion of micelles (22, 24) . In this respect, it should be noted that any change of conditions that increases the end-cap energy should decrease the energy required to form a cross-link in which the curvature change has opposite sense to that of an endcap. A recent model of reptation of branched micelles undergoing reversible scission shows that the viscosity is reduced with respect to that of entangled linear micelles (28) . Contrary to the case of ordinary branched polymers where the branch points have fixed positions along the chemical sequence, here the connections can slide along the cylindrical part of the micelles. The sliding connections increase the diffusion rate of the cylindrical part of the micelles within their tube : this comes from the high number of degrees of freedom in the reptation process, compared to the case of classical polymer. This effect, combined with the scission recombination mechanism, leads to a reduction of the viscosity. Also in the limit of many connections, the micelles can make a multiconnected saturated network (cf. Figure. lc) .
In such networks there are no entanglements and therefore, a new mechanism for the relaxation of stress, involving only the sliding of crosslinks along the cylindrical micelles, becomes possible (22) . Such a mechanism can account for a much lower viscosity than the reptation-breaking process. An analogy can be drawn here with the highly fluid L, phase where a multiconnected fluid membrane separates two identical subspaces of solvent (29) . net break that corresponds to the cross-over C' between dilute and semi-dilute regimes. In the semidilute regime the variation of the zero shear viscosity with C can be satisfactorily described by a power law with an exponent a. Such a behavior was already observed for other micellar systems (9, 16, 17, 30, 31) . Figure 5 . Effect of salt content on the exponent of the scaling law q0 -C a and on the crossover concentration C* for the system CPC10,/C103Na. slightly from the exponential behaviour (31) , which ensures that the viscoelastic behaviour is not described by Eq. 9, characteristic of the classical reptation process. Therefore the high value of the exponent obtained in the presence of 0.1M KBr must be attributed to the effect of electrostatic interactions. These interactions play also a major role for the CPC10, systems as shown by experiments performed in presence of both C103Na and NaC1. The latter salt doesn't promote micellar growth, but allows to screen out the electrostatic interactions. It was found that for solutions containing 0.02M C103Na and 0.2M NaC1, the exponent a was equal to 3.5 (instead of 5 in the absence of NaCl), that is the exponent predicted by Eq.8.
At high salt concentration, the variation of 7, with C for both systems is smaller than predicted by Eq. 8. A model of partial crosslinked micellar network with an increasingly larger number of crosslinks upon an increase of salt concentration can possibly take into account the experimental observations. Referring back to equation 6 relating the zero-shear viscosity to the plateau modulus and to the terminal time of the stress relaxation it must be noted that these two latter parameters can be sensitive to the presence of crosslinks and therefore lead to a concentration dependence of 7, significantly smaller than that for linear micelles. The viscosity of CPC103/C103Na systems is too small to allow for a measurement of the plateau modulus G, in the available range of frequencies, Such measurements are however possible in CTABIKBr systems. Figure 7 shows the variation of the real part G' of the shear modulus as a function of the angular frequency for three solutions of CTAB at a surfactant concentration 0.1 M and salt concentrations equal respectively to 1 M, 1,s M, 2 M. In the high frequency range, one observes a pseudo-plateau followed by a turn-up of G', that is attributed to the occurrence of local Rouse motion (32) . The interesting finding here is that the plateau modulus decreases upon increasing salt concentration contrary to what is predicted by the model for entangled micelles, namely that the plateau modulus depends only on surfactant concentration (cf. Eq.7). As a matter of fact, the above theoretical prediction was verified for other micellar systems, with lower salt contents (9, 11, 12, 16) . Here the decrease of G, as the salt concentration is increased, likely reflects a progressive replacement of entanglements by crosslinks.
Conclusion
The results presented in this paper show that the dynamical properties of solutions of wormlike micelles are very sensitive to the salt content. This cannot be interpreted only in terms of variation of the average micellar length, that is found to decrease monotonously upon increasing the salt concentration as inferred from the 6" measurements. The most likely explanation to the observed decrease of the scaling law exponent for g,(C), as the salt concentration is increased, lies in a structural change where crosslinks are formed, resulting from local fusion of micelles. These crosslinks can be transient with a very short life-time in which case the micelles could cross each other almost freely then confemng to these systems a high fluidity. They can also be equilibrium crosslinks in which case the high fluidity would result from a sliding of the crosslinks. Results, both theoretical and experimental, on the linear and non linear viscoelasticity of CTAB systems at high salt content will be reported shortly.
One would expect that the behaviour of the zero-shear viscosity as a function of the salt concentration, observed for the CTABIKBr and CPC103/C10,Na systems, be universal. However, systems with salicylate or alkylbenzoate counterions show a more complex behaviour. For these systems, the curve representing the variation of the zero shear viscosity as a function of salt concentration exhibits two maxima (12) . This result can be related to the specific interactions between the surfactant and the counterions that form complexes. For instance, the CTAB and salicylate ions form 1-1 complexes (10) . At high salt concentrations, the micelles become negatively charged due to the dominating counterion condensation (33) . Then, the effect of Coulomb interactions produces a decrease of micellar length and therefore a lower viscosity. This decrease of micellar length in presence of large amount of counterions has been verified by light scattering on CPClINaSal systems (34) .
